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On the basis of non-equilibrium thermodynamic theory, the coupling phenomena of heat and mass transfer during the process of 
moisture exchange across a membrane were studied and the relevant physical and mathematical models were established. Formu-
lae for calculating the four characteristic parameters included in the non-equilibrium thermodynamic model were derived, and the 
dependences of these parameters on the temperatures and concentrations on the two sides of the membrane were analyzed, pro-
viding a basis for calculating the heat and mass fluxes. The effects of temperature and concentration differences between the two 
sides of membrane and the membrane average temperature on the transmembrane mass and heat fluxes were investigated. The 
results show that for a given membrane average temperature, a larger concentration difference or a smaller temperature difference 
leads to a higher mass flux. For fixed concentration and temperature differences and with the mass flux predominantly caused by 
the concentration difference, a higher membrane average temperature yields a higher mass flux. The ratio of the heat of sorption 
induced by mass flow to total heat relates not only to the temperature and concentration differences between the two sides of 
membrane but also to the membrane average temperature and the ratio increases when the temperature difference is reduced. 
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Gas membrane separation is a new technology that has a 
wide range of applications, such as dew point adjustment of 
natural gas, energy and moisture recovery in a mem-
brane-based total heat exchanger, and separation of organic 
gases. Coupled heat and mass transfer phenomena often 
occur in a gas separation process. For example, Wang et al. 
[1] claimed that the heat and mass transfer in membrane 
distillation is a complicated, interactive process; Phatta-
ranawik and Jiraratananon [2,3] studied the heat and mass 
transfer in a direct contact membrane distillation; Alves and 
Coelhoso [4] analyzed the heat and mass transfer in a per-
vaporation process; Soowhan and Mench [5] experimentally 
investigated the thermo-osmosis phenomena using various 
membranes; and Niu and Zhang [6] discussed the impacts 
of various factors on the heat and mass transfer in a trans- 
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membrane moisture exchange process. 
Transmembrane moisture transfer is a typical gas separa-
tion process. Studies on such processes not only have a 
practical value but also can provide a theoretical reference 
for heat and mass coupling phenomena of this kind. There 
are analyses of moisture transfer across membranes in the 
literature. For instance, Hu et al. [7] studied the effects of 
mass transfer on heat transfer; Su and Min [8] derived the 
moisture and heat transfer resistances through membranes; 
and Min and Su [9] made a further analysis of such resis-
tances. The current work focuses on the analysis of the 
membrane transport process itself, using irreversible ther-
modynamics, which has been successfully applied to vari-
ous combined transport processes. 
Irreversible thermodynamics has been widely used to 
comprehend and quantitatively describe the coupling phe-
nomena. Wang and Min [10] used irreversible thermody-
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namics to analyze simultaneous heat and mass transfer in a 
gas adsorption process at a non-equilibrium steady state. 
Hwang [11] pointed out that membrane transport processes 
were all irreversible and the description of such processes 
needs to follow the basic laws of irreversible thermody-
namics. She and Hwang [12] used non-equilibrium ther-
modynamic theory to analyze the impacts of concentration, 
temperature and other factors on the pervaporation of inor-
ganic solutions. Kuhn et al. [13] found that a non-equilib- 
rium thermodynamic model could reveal the physical nature 
more completely than the commonly used Maxwell-Stefan 
model. In the current work, the transmembrane moisture 
exchange process model is based on irreversible thermody-
namic theory. Heat and mass coupling phenomena involved 
in such processes are analyzed and formulae for various 
characteristic parameters are derived. Using these as a base, 
the relations between the transmembrane fluxes and the 
temperature and concentration gradients are studied and the 
relation between the ratio of the heat of sorption induced by 
mass transfer to total heat and various parameters is dis-
cussed. 
1  Theoretical models 
1.1  Physical model 
Consider the process of water vapor transfer through a 
nonporous membrane, as shown in Figure 1, where the wa-
ter vapor concentrations on the two sides of membrane are 
C1 and C2, and the temperatures are T1 and T2, respectively, 
with C1>C2 and T1>T2. According to the solution-diffusion 
theory, water vapor will transfer from the side with higher 
humidity to that with lower humidity due to the concentra-
tion and temperature gradients. To highlight the process of 
moisture transfer across membrane itself, the convective 
heat and mass transfer resistances on the two sides of mem-
brane are neglected, that is, the concentration and tempera-
ture in the space on each side of membrane are considered 
to be constant (i.e., there are neither concentration nor tem-
perature boundary layers). 
 
Figure 1  Diagram of heat and mass transfer through membrane. 
1.2  Non-equilibrium thermodynamic model 
For a combined heat and mass transfer process, if the driv-
ing forces are the concentration and temperature differ-
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where L is a phenomenological coefficient that reflects the 
phenomenological relations between the thermodynamic 
flux and force. For convenience in analysis and comprehen-
sion, four characteristic parameters are introduced to ex-
press the phenomenological coefficients [15]:  
Thermal conductivity: λ=Lqq/T2; 
Molar-driven thermal conductivity: λ′=Lqw/T; 
Thermally driven molar conductivity: λm′=Lqw/T2; 
Molar conductivity: λm=Lww/T. 
Substituting the above four characteristic parameters into 
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It can be determined from the above expressions that there 
are two advantages arising from the non-equilibrium ther-
modynamic model. First, the model can directly take into 
account the interactive effects caused by two or more irre-
versible phenomena that interact, e.g., the mutual coupling 
of the heat and mass transfer involved in the present model, 
in which the coupling relation between the irreversible 
phenomena is represented by the phenomenological coeffi-
cients, which are the molar-driven thermal conductivity and 
thermally driven molar conductivity. Second, the relation-
ships between the thermodynamic forces and fluxes are 
simple and straightforward and can be observed directly 
from the equations, with the thermodynamic forces and 
fluxes linked together by the phenomenological coeffi-
cients. In this paper, the thermodynamic forces and fluxes 
are related by the thermal conductivity, molar-driven ther-
mal conductivity, molar conductivity, and thermally driven 
molar conductivity. The magnitudes of the characteristic 
parameters reflect the contribution rates of various driving 
forces for the thermodynamic fluxes, e.g., for the mass 
transfer in this work, a large molar conductivity implies a 
strong effect of the concentration difference. 
1.3  Mass transfer mechanism 
The process of gas transfer across a membrane is generally 
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described using the solution-diffusion model, which con-
siders that the gas first adsorbs at the membrane surface on 
one side, then diffuses through the membrane, and eventu-
ally desorbs from the membrane surface on the other side. 
For the transmembrane moisture transfer process considered 
here, the concentrations on the two sides of the membrane 
are not high, so Henry’s law can be used to describe the gas 
adsorption and desorption behaviors at the two membrane 
surfaces, i.e. 
,S Cθ = ×                    (4) 
where θ is the adsorptive capacity of the membrane surface, 
S is the solubility coefficient, and C is the gas concentration 
at the membrane surface. 
Fick’s law can be used to describe the process of mois-
ture transfer inside the membrane as follows: 
( )1 2 ,DJ θ θδ= −                   (5) 
where D is the diffusion coefficient of water vapor in the 
membrane (kg m–1 s–1) and δ is the membrane thickness. 
In addition, the formulae for calculating the solubility 
and diffusion coefficient can be written as [16] 
0e s
H RTS S −Δ= , 0e ,dE RTD D −=            (6) 
where D0 is the diffusion constant and S0 is the solubility 
constant, both of which are independent of temperature, Ed 
is the energy of diffusion activation, and sHΔ is the heat of 
solution. 
Substituting eqs. (4) and (6) into eq. (5) gives 
( )ave 1 20 0 1 2e e e .d s sE RT H RT H RTD SJ C Cδ
−
−Δ −Δ= × − ×    (7) 
The above equation describes the mass flux across mem-
brane, in which the diffusion coefficient is related to the 
temperature of membrane and is determined by the average 
temperature of membrane, Tave, whereas the adsorption and 
desorption occur at the membrane surfaces so are deter-
mined by the absolute temperatures of the membrane sur-
faces. 
In order to suit the form of the irreversible thermody-
namic model, the above equation can be further transformed 
into: 
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where   ave0 0e d
E RTA D S −= ,  ave 2B C C= − Δ            
( )( )ave 2sX H R T T= −Δ × + Δ , 
( )( )ave 2 ,sY H R T T= −Δ × − Δ           (9) 
ΔC=C1–C2 and ΔT=T1–T2 express the concentration and 
temperature differences, respectively, while Tave=(T1+T2)/2 
and Cave=(C1+C2)/2 express the membrane average tem-
perature and concentration, respectively. It can be seen from 
eq. (8) that AB(eX–eY)/ΔT=λm′, which suggests that the ther-
mally driven molar conductivity λm′ is related not only to the 
membrane average temperature and concentration but also 
to the temperature and concentration differences between 
the two sides of membrane. That is, the characteristic pa-
rameter corresponding to the temperature difference relates 
not only to the temperatures but also the concentrations on 
the two sides of membrane. Also, AeX=λm, which indicates 
that the molar conductivity λm is related to the membrane 
average temperature and the temperature difference between 
the two sides of membrane. That is, the concentration dif-
ference corresponding to the characteristic parameter is de-
termined by the temperatures on the two sides of membrane. 
In summary, the corresponding relationships between the 
characteristic parameters and driving forces reflect the 
combination of heat and mass transfer. 
1.4  Heat transfer mechanism 
The heat transferred through the membrane includes the 
heat driven by the temperature gradient and that carried by 
the mass flow, where the conduction heat flux caused by the 
temperature gradient is qd ej Tλ= ∇  and the heat flux 
caused by the mass flux is Jqc=JΔh. The total heat flux Jq, 
therefore, can be expressed as 
,q qd qc eJ J J T J hλ= + = ∇ + Δ          (10) 
where λe is the effective thermal conductivity of membrane 
and J is the mass flux across membrane. Substitution of eq. 
(8) into eq. (10) yields the relationship between the heat 
flux and the temperature and concentration differences: 
( ) .q e m p m pJ C T T C T Cλ λ λ′= + Δ ∇ + Δ ∇       (11) 
Furthermore, comparison of eq. (11) with eq. (13) can offer 
the thermal conductivity and molar-driven thermal conduc-
tivity: λ=λe+λm′CpΔT and λ′=λmCpΔT, respectively. These 
two characteristic parameters both depend on the tempera-
tures and concentrations on the two sides of membrane, 
implying that the heat flux is also determined by the con-
centrations and temperatures on the two sides of membrane. 
For the process of water vapor transfer through mem-
brane, the heat transferred inside the membrane should be 
equal to that outside the membrane, which includes two 
parts: one is the convective heat outside the membrane, 
namely the sensible heat q1, and the other is the heat of 
sorption due to the water vapor adsorption or desorption at 
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the membrane surface, namely the latent heat q2, which can 
be represented by 
q2=JL,                  (12) 
L is the heat of sorption. So, the total heat flux is 
1 2 .qJ q q= +                 (13) 
If the ratio of latent to total heat is expressed as 
2 ,qk q J=                 (14) 
it can be seen from eqs. (12) and (13) that k represents the 
fraction of the heat of sorption caused by the mass flow 
relative to the total heat. 
2  Results and discussion 
Using the heat and mass transfer of humid air across mem-
brane as an example, the coupling phenomena of membrane 
transport were studied using irreversible thermodynamic 
theory, the value of each characteristic parameter was cal-
culated, and the effects of the temperature and concentration 
differences between the two sides of membrane and the 
membrane average temperature on the mass and heat trans-
fer were analyzed. The values taken for some key parame-
ters are as follows: λe= 0.1 W m–1 K–1, δ/D0S0= 0.002 kg 
m–1 s–1, Ed = 50 kJ mol
–1, and ΔHs = –25 kJ mol–1. Because 
the relative humidity needs to satisfy the condition φ≤1, and 
the relation between the relative humidity and concentration 
is φ/C=e5294/T/ρa106, the concentrations on the two sides of 
membrane must obey the relation C≤106ρa/e5294/T, where ρa 
is the air density, whose value is taken to be ρa = 1.27 kg 
m–3. 
2.1  Characteristic parameters 
The phenomenological coefficients or characteristic pa-
rameters involved in the non-equilibrium thermodynamic 
model are generally assigned empirical values obtained 
through experiments under certain conditions. In the present 
work, however, specific formulae for calculating the char-
acteristic parameters applying to the near equilibrium states 
at various conditions were obtained through theoretical 
analyses. The formulae for the four characteristic parame-
ters are summarized as follows. 
Thermally driven molar conductivity:  





λ −′ = Δ                (15) 
molar conductivity: e .Xm Aλ =                     (16) 
Thermal conductivity:  
(e e ) .X Ye m p e pC T AB Cλ λ λ λ′= + Δ = + −     (17) 
Molar-driven thermal conductivity:  
e .Xm p pC T A C Tλ λ′ = Δ = Δ           (18) 
The above four expressions indicate that the characteris-
tic parameters included in this model are all related to the 
membrane operating conditions. The thermally driven molar 
conductivity and the thermal conductivity are related to not 
only the temperatures but also the concentrations on the two 
sides of the membrane, whereas the molar conductivity and 
the molar-driven thermal conductivity are related only to the 
temperatures on the two sides of the membrane. As de-
scribed by eq. (4), the temperature difference affects the 
mass flux by altering the solubility coefficient and conse-
quently the adsorptive capacities at the two surfaces of the 
membrane. Noting that adsorption is the product of the 
solubility coefficient and concentration, the characteristic 
parameter corresponding to the mass flux induced by the 
temperature gradient needs to include information on the 
concentrations at the membrane surfaces. The characteristic 
parameters corresponding to the concentration difference 
must also include information on the solubility, which is a 
function of temperature, so they are also functions of tem-
perature. However, it should be pointed out that because the 
mass and heat fluxes are functions of both temperature and 
concentration, the product of each characteristic parameter 
and its corresponding force must also be a function of tem-
perature and concentration. The specific expressions for the 
characteristic parameters actually reflect the mutual cou-
pling of heat and mass transfer. 
Next, analyses are made on the variations of the charac-
teristic parameters with operating conditions. The relations 
between the concentrations and characteristic parameters 
are relatively simple, i.e., the concentration level and con-
centration difference have linear relationships with the 
thermally driven molar conductivity and the thermal con-
ductivity but are independent of the molar conductivity and 
the molar-driven thermal conductivity. Therefore, emphasis 
will be placed on the analyses of the characteristic parame-
ters at different temperatures, for which the average con-
centration and concentration difference are set to be Cave = 
0.01 kg m–3 and ΔC = 0.01 kg m3, respectively. 
Figure 2(a) and (b) show the variations of the two mass 
flux relating characteristic parameters, namely the thermally 
driven molar conductivity and the molar conductivity, with 
the membrane average temperature under various tempera-
ture differences. From Figure 2(a), the thermally driven 
molar conductivity is negative, implying that the tempera-
ture difference causes a mass flow in the direction opposite 
to the temperature gradient, while the molar conductivity is 
positive, meaning that the concentration difference induces 
a mass flow in the same direction as the concentration gra-
dient. Also, the absolute value of the thermally driven molar 
conductivity increases with increasing membrane average 
temperature, because a higher membrane average tempera-
ture yields a larger diffusion coefficient, which enables the 
water vapor to transfer more easily through the membrane. 
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Figure 2  Variations of the four characteristic parameters with the average temperature and temperature difference. (a) Thermally driven molar conductivity; 
(b) molar conductivity; (c) thermal conductivity; (d) molar-driven thermal conductivity. 
Figure 2(b) shows that the molar conductivity increases 
with increasing membrane average temperature, the reason 
for which is the same as that for the trend with thermally 
driven molar conductivity. The product of the thermally 
driven molar conductivity with the temperature difference, 
which is the mass flux caused by the temperature difference, 
is relatively small compared with the product of the molar 
conductivity and the concentration difference, which is the 
mass flux caused by the concentration difference. Hence, 
the mass flux caused by the concentration difference pre-
dominates in the total mass flux, but if the concentration 
difference is small, the mass flux caused by the temperature 
difference may also play an important role. 
Figure 2(c) and 2(d) show the variations of the two heat 
flux relating characteristic parameters, namely the molar- 
driven thermal conductivity λ′ and the thermal conductivity 
λ, with the membrane average temperature under various 
temperature differences. The thermal conductivity shown in 
Figure 2(c) changes very slightly with the temperature dif-
ference and average temperature, with a deviation from the 
effective thermal conductivity λe less than 0.6%, so it is 
reasonable to consider that the thermal conductivity is equal 
to the effective thermal conductivity. The molar-driven 
thermal conductivity λ′ shown in Figure 2(d) increases with 
increasing membrane average temperature, with a larger 
temperature difference giving a greater molar-driven ther-
mal conductivity. This is because the heat flux component 
corresponding to λ′ is the enthalpy carried by the mass flux 
component corresponding to the molar conductivity λm. 
Since λm increases with the membrane average tempera-
ture, λ′ also increases with the membrane average tem-
perature. In addition, a larger temperature difference 
causes a greater value of enthalpy carried by the mass 
flow, which means that a greater value of enthalpy is car-
ried by the mass flow driven by the identical concentration 
difference, leading to a larger molar-driven thermal con-
ductivity, λ′. Also, in this analysis, the thermal conductiv-
ity is almost constant at 0.05 W m–1 K–1, the molar-driven 
thermal conductivities range from 0.01 to 0.1 W m2 kg–1, 
and the temperature and concentrations differences range 
from 0 to 20 K and 0 to 0.015 k gm–3, respectively. The 
heat flux caused by the concentration difference is there-
fore negligible compared with the heat flux caused by the 
temperature difference. 
2.2  Mass flux 
Figure 3 shows the variations in mass flux with temperature 
difference at various average temperatures for a concentra-
tion difference ∆C = 0.01 kg/m3 and an average concentra-
tion Cave = 0.015 kg/m
3. It should be noted that the mass 
flux and temperature difference is not in a simple linear 
relation, as can be seen from eq. (8). As the temperature 
difference increases, the mass flux decreases, which means 
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Figure 3  Variations of mass flux with temperature difference. 
that the temperature difference as one of the driving forces 
affects the mass flux. The reason for the decrease in mass 
flux is that the thermally driven molar conductivity is nega-
tive, so a positive temperature difference will lead to a 
negative mass flux. The physical situation is that for a given 
average temperature, an increased temperature difference 
means an increased temperature T1 and a reduced tempera-
ture T2. According to the dependence of adsorptive capacity 
on temperature, the adsorptive capacity decreases at the 
membrane surface with high temperature but increases at 
the membrane surface with lower temperature, i.e., θ1 de-
creases while θ2 increases, as a result, the total mass flux 
decreases. Furthermore, it can be seen from Figure 3 that as 
the temperature difference decreases, the mass flux through 
the membrane with a high average temperature decreases 
more rapidly than that with a lower average temperature. 
The reason is that a higher average temperature yields a 
larger thermally driven molar conductivity λm′ , so for a 
given temperature difference, the mass flux decreases more 
rapidly. 
Figure 4 shows variations in mass flux with concentra-
tion difference for different temperature differences and 
average temperatures for Cave = 0.01 kg/m
3. It can be seen 
that the concentration difference is the other driving force in 
the non-equilibrium thermodynamic model and that the 
mass flux increases as this force increases. The reason for 
this behavior is that the molar conductivity is positive and 
therefore the mass flux caused by the concentration differ-
ence is positive, which is consistent with Fick’s law. When 
the temperature difference is constant and the concentration 
difference is small, a higher average temperature yields a 
smaller mass flux. When the concentration difference is 
larger, however, a higher average temperature tends to give 
a larger mass flux. This is because, on the one hand, the 
molar conductivity λm increases with increasing average 
temperature, so for a given concentration difference, a 
higher average temperature offers a larger mass flux com-
ponent caused by the concentration difference. On the other 
hand, the thermally driven molar conductivity λm′ decreases 
with increasing average temperature, so the mass flux com-
ponent caused by the temperature difference decreases with 
increasing average temperature. Thus, when the concentra-
tion difference is small but the temperature difference is 
relatively large, the mass flux caused by the temperature 
difference constitutes a large portion of the total mass flux 
and therefore a higher average temperature leads to a 
smaller mass flux. When the concentration difference is 
larger, however, the mass flux caused by the concentration 
difference constitutes a larger portion of the total mass flux, 
so a higher average temperature leads to a larger mass flux. 
In addition, for a given average temperature, a larger tem-
perature difference yields a smaller mass flux because the 
temperature difference causes a negative mass flux compo-
nent. 
In summary, it can be concluded from the above analysis 
that the concentration and temperature differences are the 
driving forces for the membrane transport phenomena ex-
amined in this work and that the average temperature is 
closely related to the phenomenological or characteristic 
parameters. In practice, for moisture exchange process 
across a membrane, the temperature difference between the 
two sides of the membrane is small, so the concentration 
difference is the predominant driving force for the trans-
membrane moisture transfer. 
2.3  The ratio of heat of sorption to total heat 
In order to study the effects of the heat of sorption caused 
by the mass transfer on the total heat flux, analyses are 
made below on the relationship between the heat of sorption 
and total heat under different driving forces and with dif-
ferent characteristic parameters. Figure 5 shows the varia-
tions in the sorption to total heat ratio, k, with temperature 
difference for various average temperatures for Cave = 0.015 
kg m–3 and ∆C = 0.01 kg m–3. When the temperature differ-
ence is increased, k decreases. This is because the total heat 
flux depends mainly on the temperature difference, while 
the heat of sorption caused by the mass transfer is deter-
mined by both the temperature difference and concentration 
difference. It can be concluded from the above that as the  
 
Figure 4  Variations of mass flux with concentration difference. 
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Figure 5  Variations of sorption to total heat ratio with temperature dif-
ference at various average temperatures. 
temperature difference increases, the mass flux J decreases 
but the total heat flux Jq increases and therefore the sorption 
to total heat ratio decreases. Additionally, over a certain 
range of temperature differences, a higher average tem-
perature yields a larger k. This is because for a given tem-
perature difference, a higher average temperature corre-
sponds to a larger molar conductivity, which increases the 
mass flux if the concentration difference is fixed. The heat 
of sorption caused by the mass flow therefore increases, 
leading to an increased k. 
Figure 6 shows variations in the ratio of the heat of sorp-
tion to total heat with temperature difference for various 
concentration differences for Tave = 295.15 K and Cave = 0.01 
kgm–3. The figure shows that k increases as the concentra-
tion difference increases. The reason is that a greater con-
centration difference yields a larger mass flux, leading to a 
greater ratio of the heat of sorption caused by the mass flux 
to the total heat flux, if the temperature difference is fixed. 
3  Conclusions 
(1) Using the irreversible thermodynamic approach, a theo- 
 
Figure 6  Variations of sorption to total heat ratio with temperature dif-
ference for various concentration differences. 
retical model was developed to describe the coupled heat 
and mass transfer in the process of moisture exchange 
across a membrane. The model directly relates the concen-
tration and temperature differences, providing convenient 
analysis. 
(2) Using the above model as a base, formulae for calcu-
lating the various characteristic parameters included in the 
non-equilibrium thermodynamic model were derived, and 
the variations of these parameters with the temperatures and 
concentrations at the two sides of membrane were analyzed. 
The results suggest that the thermally driven molar conduc-
tivity and the thermal conductivity relate not only to the 
temperatures but also to the concentrations at the two sides 
of the membrane. The molar conductivity and the mo-
lar-driven thermal conductivity, however, relate only to the 
temperatures at the two sides of the membrane. The rela-
tionships between the characteristic parameters and special 
operating conditions reflect the coupling of heat and mass 
transfer. 
(3) The mass flux relates not only to the concentration 
difference but also to the membrane average temperature 
and the temperature difference between the two sides of 
membrane. For a given average temperature, a larger con-
centration difference or a smaller temperature difference 
yields a greater mass flux. For fixed concentration and 
temperature differences and with the mass flux component 
caused by the concentration difference predominating over 
the total mass flux, a higher average temperature gives a 
larger mass flux, because the diffusion coefficient increases 
with increasing temperature. 
(4) The ratio of the heat of sorption caused by the mass 
transfer to the total heat is related to the temperature differ-
ence, concentration difference and average temperature. The 
smaller the temperature difference, the larger the portion of 
the heat of sorption relative to the total heat. The reason is 
that when the temperature difference is small, the total heat 
flux is also small but the heat of sorption caused by the 
mass flow remains large. 
This work was supported by the National Natural Science Foundation of 
China (50576040). 
1 Wang Z S, Gu Z L, Feng S Y, et al. Applications of membrane distil-
lation technology in energy transformation process-basis and pros-
pect. Chinese Sci Bull, 2009, 54: 2766–2780 
2 Phattaranawik J, Jiraratananon R, Fanc A G. Heat transport and 
membrane distillation coefficient in direct contact membrane distilla-
tion. J Mem Sci, 2003, 212: 177–193 
3 Phattaranawik J, Jiraratananon R. Direct contact membrane distilla-
tion: Effect of mass transfer on heat transfer. J Mem Sci, 2001, 188: 
137–143 
4 Alves V D, Coelhoso I M. Study of mass and heat transfer in the os-
motic evaporation process using hollow fiber membrane contactors. J 
Mem Sci, 2007, 289: 249–257 
5 Kim S, Mench M M. Investigation of temperature-driven water 
transport in polymer electrolyte fuel cell: Thermo-osmosis in mem-
branes. J Mem Sci, 2009, 328: 113–120 
 Wang L N, et al.   Chinese Sci Bull   June (2011) Vol.56 No.17 1843 
6 Niu J L, Zhang L Z. Membrane based enthalpy exchanger: Material 
considerations and clarification of moisture resistance. J Mem Sci, 
2001, 189: 179–191 
7 Hu T, Min J C, Song Y Z. Analysis of the effects of mass transfer in 
the progress of moisture exchanger across a membrane. Chinese Sci 
Bull, 2010, 55: 1221–1225 
8 Su M, Min J C. Analysis of coupled heat and mass transfer in mem-
brane process (in Chinese). J Chem Ind Engineer, 2008, 59: 825–829 
9 Min J C, Su M. Performance analysis of a membrane-based enthalpy 
exchanger: Effects of the membrane properties on the exchanger per-
formance. J Mem Sci, 2010, 348: 376–382 
10 Wang L N, Min J C. Thermodynamic analysis of adsorption process at 
a non-equilibrium steady state. Chinese Sci Bull, 2010, 55: 3612–3618  
11 Hwang S T. Nonequilibrium thermodynamics of membrane transport. 
AIChE J, 2004, 50: 862–870 
12 She M, Hwang S T. Effects of concentration, temperature, and cou-
pling on pervaporation of dilute flavor organics. J Mem Sci, 2006, 
271: 16–28 
13 Kuhn J, Stemmer R, Kapteijn F, et al. A non-equilibrium thermody-
namics approach to model mass and heat transport for water pervapora-
tion through a zeolite membrane. J Mem Sci, 2009, 330: 388–398 
14 Zeng D L. Project Non-balanced Thermodynamics (in Chinese). Bei-
jing: Scientific Publishing House, 1991 
15 Yang D H. The Principles and Engineering Applications of Irreversi-
ble Thermodynamics (in Chinese). Beijing: Science Press, 1989  
16 Sun Y M, Wu C H, Lin A. Sorption and permeation properties of 
water and ethanol vapors in poly[bis(trifluoro-ethoxy)phosphazene] 
(PEFEP) membranes. J Polym Res, 1999, 6: 91–98 
 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited. 
 
